In general, the Reynolds number is low in microfluidic channels. This means that the viscous force plays a dominant role. As a result, the flow is most likely to be laminar under normal conditions, especially for liquids. Therefore, diffusion, rather than turbulence affects the mixing. In this work, the commercial computational fluid dynamics tool for microfluidics, known as FlumeCAD, is used to study the mixing of two liquids in a "Y" channel and the results are presented. To improve mixing, obstacles have been placed in the channel to try to disrupt flow and reduce the lamella width. Ideally, properly designed geometric parameters, such as layout and number of obstacles, improve the mixing performance without sacrificing the pressure drop too much. In addition, various liquid properties, such as viscosity, diffusion constant, are also evaluated for their effect on mixing. The results indicate that layout of the obstacle has more effect on the mixing than the number of the obstacles. Placing obstacles or textures in the microchannels is a novel method for mixing in microfluidic devices, and the results can provide useful information in the design of these devices.
NOMENCLATURE
The majority of micromixers are based on diffusion mixing without any assistance of turbulence, due to the laminar nature of flow in microchannels. This process is in most cases performed between thin fluid layers, which are achieved simply by division of a main stream into many small substreams or reduction of the channel width along the flow axis for one channel. In this way, large contact surfaces and small diffusion paths are generated [1] . Though diffusion in a microchannel is quite efficient already, some assistance is necessary to improve the mixing. This is because the channel length for fully developed mixing is limited on microscaled chips and increasing the length for mixing also means the increasing of pressure drop. This makes the design of microchips more difficult and the micropump may fail to drive the fluids through the channels. Numerous works have been reported in creating efficient micro mixing units. Schwesinger, et al. developed an integrated system to decrease of diffusion path by splitting and recombining fluids [2] . Koch et al. reported systems that simply divide main flow into tens of partial flows [3, 4] . Other passive micromixers were reported by Liu et al. [5] , Jacobson et al. [6] and He et al. [7] [8] [9] . By applying externally forced mass transport, Yang et al. used ultrasonic waves to enhance mixing [10, 11] . Knight described the fast mixing by forming and controlling nanoscale, submerged fluids jets [12] .
In this investigation, we applied obstacles in the channel to redirect and stretch the flow to reduce the diffusion path.
Computer simulation was employed for this work and we also endeavoured to understand the phenomena by theoretical and experimental analysis.
Because the mixing is an important part of chemical analysis, this understanding of mixing in a micromixer is crucial to the design of micro total analysis systems (µTAS).
THEORECTICAL BACKGROUND

Mass Transport
For simplicity, we start from the equation of continuity of a binary fluids system [13] :
Where D AB is the diffusivity between fluids A and B.
This equation is usually used for diffusion in dilute liquid solutions at constant temperature and pressure. If no chemical reaction occurs, then R A =0, and the equation expresses the physical diffusion. There is no theoretical solutions to equation (2.1) in most cases. We start with the simplified formula that assumes there is no relative movement between the fluids (u* = 0), then we have Fick's law from equation (2.1). A more sophisticated study will be conducted in numerical simulations.
Diffusion Equation -Fick's law.
Fick's second law of diffusion is usually used for diffusion in solids or stationary liquids and equimolar counterdiffusion in gases (v = 0).
To simplify, one assumes that the diffusion acts in the direction perpendicular to the flow. If fluid A is a set of molecules diffusing into another fluid, then the solution of this diffusion equation was given by Einstein [14] 
3) is a normal probability distribution of resulting diffusion distance during an arbitrary time t, and the rootmean-square diffusion distance d l is,
(2.4)
For laminar flow in microchannels, the broadening of a liquid-liquid interface by diffusion is given by the same equation [15] . The diffusion coefficient is normally constant, and reducing the diffusion distance d l reduces mixing time and improves mixing efficiency. From another point of view, as diffusion coefficient depends largely on the characteristic size of particles, large particles have shorter diffusion distance in a certain time, and this characteristic can be used to extract diffusing molecules from a particle-laden stream [16] . The H-filter and T-sensors have been developed by using this technique.
Dimensionless Numbers[17]
When investigating diffusion phenomena, there are usually some dimensionless numbers that need to be considered.
Here we give the definition of each number and explain what they mean in relation to diffusion of fluids.
Reynolds number -Inertial force / viscous force
In microfluidic devices, due to the low velocity of the flow and channel diameter size is in microns, the Reynolds number is usually low. This means that the viscosity plays a dominant role in microchannels.
Schmidt number -Kinetic viscosity / molecular diffusivity
The Schmidt number depends only on the fluid properties. For liquids, the Schmidt number is much greater than unity, while for gases it is usually between 0.6 and 1.1. Both the viscosity and diffusivity are a macro interpretation of random interaction between molecules, therefore the Schmidt number demonstrates the ability of certain fluids to mix.
Peclet number (mass) -Bulk mass transfer / diffusion mass transfer
The Peclet number indicates the direction in which the diffusion occurs mostly.
Fourier number -Species diffusion rate / species storage (dimensionless time). For laminar flow through a tube, Leveque gave the approximation of the local Sherwood number along the wall [18] . Ismagilov et al. extended Leveque's approximation to demonstrate that diffusion parallel to and near the surface in a microchannel should also be described by a one-third power law, and demonstrated this phenomenon experimentally in a T-Sensor [19] . The explanation of this may be that the boundary layer vanishes in a very short distance after inlet, and this means that the flow is fully developed laminar flow within almost the entire microchannel [20] .
Aspect Ratio
The height to width aspect ratio is one of the critical technical specifications for micro-fabrication. For a given flow rate, the mixing performance acts differently for different aspect ratio. The diffusion occurs at the interface of two fluids ( Figure 1 ). The fabrication of low aspect ratio microstructure is generally easier, however, for mixing, low aspect ratio microfluidic devices give small contact area of fluids. Placing obstacles into the microchannels maybe one way to increase mixing in the low aspect ratio structures. Obstacles in these structures do not generate turbulence in the low Reynolds number flow, but can improve the diffusion effects. Therefore, if the flow rate is constant, the minimum length of the channel for a complete mixing, Lm, is identified as the reciprocal of the aspect ratio of the channel. Equation (2.14) is a rough estimation of mixing length. Due to the Poiseuille-like velocity distribution, the velocity in centre of the channel is higher, and the layers of liquid close to the walls have zero velocity. Therefore the fluid close to the centre of the channel has less time to diffuse than the fluid close to the wall. The fluid close to the wall will have more time to mix [19, [22] [23] [24] [25] [26] . Clearly, the large height to width aspect ratio is not welcomed due to uneven distribution of the diffusion along detection section [27] . Conversely, the increased contact surface of fluids benefits process chemistry productivity, which is the main goal.
SIMULATION RESULTS AND DISCUSSION
Simulation of mixing in Y-Channel with obstacles
The Y-channel has two inlet and one outlet ports, and the angle between the inlets is 60 degrees. The width of the inlets is 200µm, and the width/height of the channel is 300/100 µm, the length of the channel is 1.2mm for reducing computing time, except for the two obstacle arrays(configuration no.8) with a length of 2 mm. The diameter of the obstacle is 60µm. Table 1 gives the number of the obstacles in eight different designs. Figure 3 illustrates the layout of design no.6, no.7 and no.8, and the spacing for other designs are the same. The Y-channel is one of the T-type microchannels, and to improve the mixing performance of the Y-Channel, we placed obstacles in a microchannel. Simulations were performed using FlumeCAD by CoventorWare on Win NT4.0 with Pentium III 800MHz CPU and 128MB memory. The sample fluids used in the simulation were water and ethanol (Table 2 ) for demonstration. Steady flow was assumed in the simulation. The results demonstrated the evolution of the design using cylindrical obstacles in the microchannels (Figure 4 and 5). 
Discussion
The simulation results (Figure 4 and 5) illustrate that mixing increases as the number of obstacles increases. Examination of the pressure drop ( Figure 6 ) shows that the mixing performance is improved as the pressure drop increases. This can be interpreted as the obstacles causing the parabolic velocity distribution to even out and give more time for the diffusion at the interface of the two liquids.
The simulation results also demonstrated that the sixth design has higher pressure drop than that of the seventh, and the seventh design has much better mixing performance. We know that, for a given flow rate, the total time for the flow through the channel remains the same, because the average velocity at inlets and outlet remains the same for incompressible fluids (equation (3.1) ). The local velocity, where the obstacles are, is increased to keep the constant flow rate. This means that part of the fluids is distorted and the redirection of the flow somehow affects the mixing, and it illustrates the convective effect. This phenomenon may be explained more clearly by studying the Sherwood number and Peclet number, however, further investigation is needed. 
CONCLUSION
With viscosity dominating flow in microchannels, mixing of two fluid streams mainly depends on diffusion. The mixing performance of the Y-channel mixer was examined by theoretical analysis and CFD simulation. The mixing for a constrained flow rate and channel transversal area is affected by aspect ratio, and the increased height to width aspect ratio benefits the mixing. On the other hand, visualisation analysis in T-sensors needs flat distribution of flow pattern, which low aspect ratio is preferred. However, the theoretical foundation is the same for the processing and analytical chemistry. For processing chemistry, the design requires shorter diffusion width, so that mixing can be completed in less time. When T-sensors are used for chemical analysis, they mostly require a very small height to width aspect ratio to reduce the distortion of flow pattern. Small height to width aspect ratio increased the width for the fluids to travel, and thus it has a very low mixing performance. To improve the performance of T-sensors, the use of obstacles was investigated, and the results demonstrated that obstacles can improve mixing performance by affecting the flow pattern. Further work is needed to investigate how obstacles affect the mass transfer coefficient in the Sherwood equation.
